The CNS is considered an immunoprivileged site where the endothelial blood-brain barrier (BBB) tightly controls lymphocyte entry into the CNS. Under physiological conditions lymphocyte traffic into the CNS is low, whereas during inflammatory diseases of the CNS, such as multiple sclerosis (MS) or in the animal model experimental autoimmune encephalomyelitis (EAE), a large number of circulating lymphocytes readily gain access to the CNS. EAE is a CD4 + T cell-mediated autoimmune disease of the CNS, which is initiated by autoaggressive T cells activated outside the CNS. These encephalitogenic T cell blasts enter the CNS parenchyma across the healthy BBB and start the molecular events leading to inflammation, edema, and demyelination. Thus, the interaction of encephalitogenic T cells with the healthy BBB endothelium is a critical initial step in the pathogenesis of EAE.
Introduction
The CNS is considered an immunoprivileged site where the endothelial blood-brain barrier (BBB) tightly controls lymphocyte entry into the CNS. Under physiological conditions lymphocyte traffic into the CNS is low, whereas during inflammatory diseases of the CNS, such as multiple sclerosis (MS) or in the animal model experimental autoimmune encephalomyelitis (EAE), a large number of circulating lymphocytes readily gain access to the CNS. EAE is a CD4 + T cell-mediated autoimmune disease of the CNS, which is initiated by autoaggressive T cells activated outside the CNS. These encephalitogenic T cell blasts enter the CNS parenchyma across the healthy BBB and start the molecular events leading to inflammation, edema, and demyelination. Thus, the interaction of encephalitogenic T cells with the healthy BBB endothelium is a critical initial step in the pathogenesis of EAE.
In general, lymphocyte recruitment across the vascular wall is regulated by the sequential interaction of different adhesion or signaling molecules on lymphocytes and endothelial cells lining the vessel wall (1) . An initial transient contact of the circulating leukocyte with the vascular endothelium, generally mediated by adhesion molecules of the selectin family and their respective carbohydrate ligands, slows down the leukocyte in the bloodstream. Subsequently, the leukocyte rolls along the vascular wall with greatly reduced velocity. The rolling leukocyte can receive endothelial signals resulting in its firm adhesion to the endothelial surface. These signals are transduced by chemokines via G protein-coupled receptors on the leukocyte surface. Binding of a chemokine to its receptor results in a pertussis toxin-sensitive activation of integrins on the leukocyte surface. Only activated integrins mediate the firm adhesion of the leukocytes to the vascular endothelium by binding to their endothelial ligands, which belong to the Ig superfamily. This ultimately leads to the extravasation of the leukocyte. Successful recruitment of circulating leukocytes into the tissue depends on the productive leukocyte/endothelial interaction during each of these sequential steps.
The adhesion molecules mediating the initial contact of T lymphocytes with the BBB endothelium are not yet defined. Selectins are not involved in T cell interaction with the BBB. Encephalitogenic T cell blasts lack expression of L-selectin (2) , and E-and Pselectin are neither expressed at the BBB (3) nor functionally involved in the recruitment of autoaggressive T lymphocytes across the BBB during EAE (4) . In contrast, constitutive expression of VCAM-1 in the CNS microvasculature of healthy SJL/N mice has been observed (5) , and upregulation of ICAM-1 and VCAM-1 was reported on cerebral vessels during EAE preceding the perivascular infiltration by lymphocytes and the onset of disease (6) .
It has become commonly accepted that the interaction of α4β1 and VCAM-1 contributes to T cell recruitment across the BBB. This assumption was based on findings that blocking Ab's directed against α4-integrin or VCAM-1 inhibit or delay the development of EAE (7) and that surface expression of α4-integrin by antigenspecific T cell clones can enhance the pathogenicity of those clones in EAE models (8, 9) . In support of this notion encephalitogenic T lymphoblasts adhere via α4-integrin to VCAM-1 on brain endothelium in vitro (5), and lymphocytes bind via α4/VCAM-1 to inflamed cerebral vessels in a modified Stamper-Woodruff frozen section adhesion assay (6) . Nevertheless, alternative functions of α4-integrin in the pathogenesis of EAE have also been suggested. Evidence for an involvement of α4-integrin in antigen-specific T cell proliferation (2) or maintaining the residency of inflammatory cells within the CNS parenchyma during EAE (10) has been provided.
Therefore, definite in vivo evidence for α4-integrin-mediated T cell interaction with VCAM-1 on BBB-endothelium in EAE is still lacking. Observation of the CNS microcirculation by intravital fluorescence microscopy is hampered by the protected localization of the brain and spinal cord within the skull and the spinal column, respectively. To gain intravital microscopic access to the CNS microcirculation, acute and chronic cranial window techniques have been developed for rodents, which allow observation of the pial and cortical (i.e., CNS grey matter) microcirculation, respectively (11, 12) . In EAE, however, inflammation is located in the CNS white matter with preference of the spinal cord. Thus, in order to investigate the physiologically relevant interaction of autoaggressive T lymphocytes with the BBB endothelium it is mandatory to gain intravital microscopic access to the CNS white matter microcirculation.
Here we introduce a novel spinal cord window technique, which allows direct visualization of white matter microcirculation by intravital fluorescence videomicroscopy. Using this model we were able to assess the interaction of encephalitogenic T cell blasts with the white matter BBB-endothelium in SJL/N mice. To our knowledge, this study provides the first in vivo evidence that α4-integrin mediates the G protein-independent capture and subsequently the G protein-dependent adhesion strengthening of encephalitogenic T cell blasts to microvascular VCAM-1 in spinal cord white matter microvasculature.
Methods
Mice. Female SJL/N mice were obtained from Bomholdgård Breeding (Ry, Denmark) and used for experiments at the age of 17 to 19 weeks.
Pertussis toxins and mAb's. The rat anti-mouse mAb's used in this study were PS/2 (anti-α4-integrin rat IgG2b), 6C7.1 (anti-VCAM-1 rat IgG1), and MJ7/18 (anti-endoglin IgG2a), and they have been described in great detail previously (2, 5) . The mAb's were purified from serum-free hybridoma supernatants, and endotoxin levels were determined by Fresenius (Taunusstein, Germany) were below detection levels (< 0.6 EU/ml). Pertussis toxin (PTX) was obtained from Sigma-Aldrich Chemie GmbH (Deisenhofen, Germany). Mutant PTX (MTX; PT9K/129G) lacking the enzymatic activity of PTX was used as a control. MTX was kindly provided by R. Rappuoli (Chiron SpA., Siena, Italy) (13) .
T lymphocyte lines and induction of EAE. Establishment and culture of the CD4 + MHC class II-restricted protein lipid protein-specific (PLP-specific) T cell lines derived from SJL/N mice and induction and treatment of EAE have all been described in great detail previously (2, 4) .
Labeling of T lymphoblasts. T cell blasts were labeled with 20 nM Cell Tracker Orange (Molecular Probes, Eugene, Oregan, USA) in RPMI-1640 with 10% FCS at 5 × 10 6 cells/ml and 37°C for 45 minutes, according to the protocol by Hamann and Jonas (14) . Cell Tracker Orange labeling did not impair encephalitogenicity of PLP-specific T cell blasts, because transfer of 3 × 10 6 PLP-specific Cell Tracker Orange-labeled T cell blasts into syngeneic animals induced EAE with the same time, kinetic, and clinical severity as the transfer of unlabeled PLP-specific T cell blasts when compared in six mice per group in two different experiments.
Flow cytometry. Flow cytometry using Ig chimeras was performed exactly as described previously (4) . Human recombinant VCAM-1-IgG (kindly provided by Dirk Seiffge, Aventis Pharma, Frankfurt, Germany) or murine HT7-IgG (4) used as negative control IgGfusion protein was used at 2.5 µg/ml.
Preparation of the spinal cord window. The surgical preparations and experiments were performed in accordance with the German legislation on the protection of animals and the Guide for the Care and Use of Laboratory Animals. Animals were anesthetized by subcutaneous injection of ketamine/xylazine. For systemic administration of fluorescent markers and injection of cells, a polyethylene catheter (PE-10) was inserted into the right common carotid artery of a thermocontrolled mouse placed on a heating pad. Next, the animal was turned to the prone position, and the head was fixed in a stereotactic rodent head holder. After a midline skin incision of 3-4 cm, the paravertebral musculature was detached from the cervical spinous processes and retracted laterally, exposing the vertebral laminae. Using microsurgical techniques, a laminectomy of C1 to C7 was performed, and the dura was opened over the dorsal spinal cord avoiding trauma to the parenchyma and the spinal microvasculature. To prevent dehydration and the influence of the ambient oxygen, the site was covered with an impermeable transparent membrane. Mice that were traumatized during surgery or revealed signs of acute inflammation (distorted vessels, hyperemia, stagnant blood flow) were excluded from the experiments.
Intravital fluorescence videomicroscopy. For intravital fluorescence videomicroscopy the animals were transferred to the microscope stage, remaining within the stereotactic head holder. Intravital fluorescence videomicroscopy was performed by epi-illumination techniques using a modified Axiotech Vario microscope with a 100-W mercury lamp emitting an adjustable light intensity (Attoarc; Carl Zeiss Jena GmbH, Jena, Germany), which was attached to a combined blue (450-490 nm) and green (520-570 nm) filter block (Carl Zeiss Jena GmbH). Observations were made using ×3.2 long-distance, ×10 long-distance, and ×20 water immersion working objectives (all from Carl Zeiss Jena GmbH), resulting in magnifications of ×50, ×200, and ×400, respectively. Microscopic images were recorded by means of a low-light level charged coupled device video camera with an optional image intensifier for weak fluorescence (Kappa Opto-Electronics GmbH, Gleichen, Germany) and were transferred to a S-VHS videosystem (Panasonic, Hamburg, Germany) for off-line evaluation.
The spinal cord microvasculature was visualized by contrast enhancement with 2% FITC-conjugated dextran (0.1 ml FITC-dextran 150, intravenously; MW = 150,000; Sigma Chemical Co., St. Louis, Missouri, USA) and use of the blue-light epi-illumination. Simultaneously, injected Cell Tracker Orange-labeled T cell blasts were visualized within the spinal cord microcirculation using the greenlight epi-illumination. This combination of two fluorescent markers with distinct excitation wavelengths allowed localization of Cell Tracker Orange-labeled T cell blasts with respect to FITC-stained vessel lumina.
Experimental protocol. Following visualization of the spinal cord microvasculature by FITC-dextran 150 , 3 × 10 6 Cell Tracker Orange-labeled PLP-specific T cell blasts were injected in aliquots of 100 µl, each containing 10 6 T cells, and their interaction with the endothelium was assessed over an observation period of 60 seconds within the spinal capillary bed and postcapillary venules (20-60 µm) of three different microvascular regions of interest. In contrast, due to the angioarchitecture of the spinal microvasculature, T cell blast/endothelium interaction within precapillary arterioles, which are located at the depth of the spinal cord parenchyma, could not be visualized by intravital fluorescence videomicroscopy. To assess permanent T cell blast adhesion, the spinal cord microvasculature was scanned at 10 minutes, 1 hour, and 2 hours after cell injection.
To study the role of α4-integrin and VCAM-1 for T cell blast/endothelial interaction, 3 × 10 6 T cell blasts were preincubated with 90 µg PS/2 in 300 µl PBS for 20 minutes (n = 3 animals) or mice were injected with 90 µg 6C7.1 in 150 µl PBS 20 minutes before infusion of T lymphoblasts (n = 3), respectively. Animals treated with PBS (n = 5) or the control mAb MJ7/18 (n = 2) served as controls. MJ7/18 was chosen since it binds to the vascular wall and has been shown previously to have no influence to the development of EAE (2) . In separate experiments T lymphoblasts were incubated with PTX (n = 3) or MTX (n = 2) (each 100 ng/ml) for 2 hours at 37°C in order to study the relevance of G protein-mediated activation of α4-integrin (n = 3). Unbound PTX or MTX was removed by washing the T cells before injection into the mice.
Intravital microscopic image analysis. Quantitative analysis of the spinal cord microcirculation included the diameter of postcapillary venules (d) and the velocity of nonadherent T lymphoblasts. The highest cell velocity per venule, V max , was used to calculate the mean blood flow velocity, as described previously (15): V mean = V max /(2 -ε 2 ) (µm/s) where ε is the ratio of the T lymphoblast diameter to vessel diameter (d). From V mean and d, wall shear rate (γ) was estimated as γ = 8 × V mean /d (s -1 ) (15) , and the shear stress (τ) was approximated by τ = γ × 0.025 (dyn/cm 2 ) (16).
In postcapillary venules permanently adherent T lymphoblasts were identified as cells that stuck to the vessel wall without moving or detaching from the endothelium within an observation period of at least 20 seconds. Nonpermanently adherent T lymphoblasts were further categorized using a velocity criterion derived from the assumption of a parabolic velocity profile in the microvessel (15) . Therefore, V crit , the velocity of an idealized noninteracting cell traveling at the vessel wall, was calculated as V crit = V mean × ε × (2 -ε). Consequently, any cell traveling below V crit was regarded as a cell interacting with the vessel wall; any cell traveling above V crit was regarded as a noninteracting cell (15, 17) . Within the capillary network, plugging T lymphoblasts were defined as cells that did not move and obviously blocked the capillary lumen, inducing blood flow stasis in the corresponding vascular segment. Permanent T lymphoblast adhesion at 10 minutes, 1 hour, and 2 hours after cell injection is expressed as the number of both adherent and plugging T lymphoblasts per region of interest (mm -2 ).
Detection of Cell Tracker Orange-labeled PLP-specific T lymphoblasts by immunofluorescence.
Mice were perfused with 1% formaldehyde in PBS 2, 4, 6, and 8 hours after injection of the PLP-specific T cell blasts. Spinal cords were removed, embedded in Tissue-Tek (OCT; Miles Inc., Vogel, Giessen, Germany) and snap-frozen in a 2-methylbutane (Merck KGaA, Darmstadt, Germany) bath at -80°C. Serial longitudinal cryo-sections (6 µm) of the spinal cords were cut, air-dried overnight, and acetone fixed. Cell Tracker Orange-labeled T lymphoblasts were detected by immunofluorescence microscopy. Vessels on sections containing T lymphoblasts were visualized by staining with either the mAb MJ7/18, a rat anti-mouse endoglin, or with the mAb 9DB3, a rat anti-mouse VCAM-1, both at 10 µg/ml in PBS/0.1% BSA, followed by staining with a goat anti-rat-FITC IgG (10 µg/ml in PBS supplemented with 10% normal mouse serum; Jackson, Dianova GmbH, Hamburg, Germany). Alternatively, bound 6C7.1 or bound MJ7/18 Ab's were detected by staining with a goat anti-rat-FITC (Jackson, Dianova GmbH). Sections were coverslipped with Mowiol 4-88 (Calbiochem-Novabiochem GmbH, Bad Soden, Germany) and immediately analyzed.
Statistics. Quantitative data are given as mean values plus or minus SD. Mean values were calculated from the average values in each animal. For analysis of differences between the groups, ANOVA followed by unpaired Student t test and Bonferroni correction for repeated measurements were performed. Results with P values less than 0.05 were considered significant and are marked with an asterisk.
Results
Spinal window technique for intravital microscopic observation of white matter microcirculation. We established a novel spinal window technique, which enabled us to directly visualize spinal cord white matter microcirculation by intravital fluorescence videomicroscopy. Following preparation of the spinal window, five animals had to be excluded from the experiments due to surgical trauma to the spinal cord (n = 2); BBB breakdown, as indicated by extravasation of fluorescent marker (n = 1); or activation of the endothelium, as visualized by accumulation of leukocytes at the vessel wall (n = 2). In contrast, a total of 18 animals could be entered into this study. The laminectomy of C1 to C7 allowed intravital microscopic access to the entire posterior aspect of the cervical spinal cord (Figure 1) . The anatomy of the spinal cord white matter microvasculature was characterized by a large collecting venule in the midline of the dorsal medulla, which drained blood in a caudal direction (Figure 1 ). The function of this vessel is analogous to that of the superior sagittal sinus in the cerebral microcirculation. From both lateral aspects of the medulla, the majority of postcapillary venules drained blood flow from the capillaries directly into this large collecting venule (Figure 1 ). The capillary network of the spinal cord white matter microcirculation was characterized by multiple vessel loops that could be followed by intravital fluorescence microscopy down to a depth of approximately 100 µm (Figure 1 ). Precapillary arterioles, however, were not visible in these preparations. While the blood flow in the major collecting venule revealed a respiratory-dependent flow motion, blood in the capillary network and postcapillary venules was even and characterized by physiologic microhemodynamic parameters (Table 1) .
T lymphoblasts are captured without rolling in the spinal cord white matter microvasculature. Freshly stimulated encephalitogenic T lymphoblasts were labeled with Cell Tracker Orange and infused via the right carotid artery into healthy SJL/N mice (3 × 10 6 /mouse). A high number of circulating T lymphoblasts (∼100-200) could be observed in the individual regions of interest within the spinal cord white matter microvasculature. While most of the T lymphoblasts passed through the spinal cord capillaries and postcapillary venules without interacting with the vessel wall, 5-10% of the T lymphoblasts passing through the region of intravital microscopic observation were abruptly arrested within the spinal cord microvasculature. The mechanism of this T lymphoblast arrest was twofold: 50% of the T lymphoblasts plugged capillaries either permanently or temporarily; in the latter case T lymphoblasts finally squeezed through the capillary segment and reentered the blood stream within 4 to 7 seconds. The other 50% of the T lymphoblasts were promptly captured at the endothelium of postcapillary venules without influencing blood flow in this vascular segment (Figure 2 ). Similar to the capillaries, capture of T lymphoblasts to the endothelium resulted either in permanent adhesion or remained temporary, with the cell reentering the blood circulation within 1 to 7 seconds. It should be noted that classical rolling or tumbling of T lymphoblasts along the venular endothelium prior to their capture was never visible. Objective assessment of the interaction of nonpermanently adherent T lymphoblasts with the endothelium revealed that 5% of T lymphoblasts were captured (Figure 3) . Plotting the normalized velocities of T lymphoblasts confirmed the complete lack of rolling because none of the nonpermanently
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The adherent T lymphoblasts traveled below V crit , i.e., the velocity of an idealized noninteracting cell traveling at the wall of a vessel with a parabolic flow profile, whereas 95% of T lymphoblasts traveled above V crit , i.e., traveled free in the bloodstream (15, 17) .
VCAM-1 and α4-integrin mediate T lymphoblast interaction with the spinal cord white matter microvasculature.
To investigate to what extent α4-integrin and VCAM-1 are involved in the interaction of T lymphoblasts with the spinal cord microvasculature, blocking Ab's directed against α4-integrin or against VCAM-1 were applied. Without affecting microhemodynamic parameters (Table 1) , pretreatment of T lymphoblasts with an Ab directed against α4-integrin, as well as pretreatment of mice with an Ab directed against VCAM-1, almost completely abolished initial T lymphoblast capture (Figure 3) . In contrast, injection of control Ab's into mice before T lymphoblast infusion did not result in any reduction of T cell capture within spinal cord microvessels when compared with untreated mice.
To determine whether inhibition of the initial α4-integrin/VCAM-1 mediated T lymphoblast capture to the endothelium also translated into a reduced permanent adhesion of T lymphoblasts within the spinal cord microvasculature, we determined the number of T lymphoblasts permanently adhering within the microvasculature at 10 minutes, 1 hour, and 2 hours after T lymphoblast infusion (Figure 4 ). In accordance with the extent of initial T lymphoblast capture and capillary plugging, permanently adherent T lymphoblasts were observed in both capillaries (51% ± 6%) and postcapillary venules (49% ± 6%) of the spinal cord white matter microvasculature (Figure 4a ). Blocking α4-integrin reduced the number of permanently adherent T lymphoblasts by 70% ± 14% (76% ± 6% residing in capillaries and 24% ± 6% in postcapillary venules) and blocking VCAM-1 by 78% ± 9% (65% ± 19% residing in capillaries and 34% ± 19% in postcapillary venules) when compared with controls ( Figure 4, b and c) . Given the magnitude of inhibition of permanent T lymphoblast adhesion, blocking α4-integrin or VCAM-1 reduced the number of both T lymphoblasts permanently adherent in postcapillary venules and permanently plugging capillaries (Figure 4c) .
G proteins are not involved in T cell capture within the spinal cord white matter microvasculature. Encephalitogenic T lymphoblasts were shown to have high-affinity α4-integrin on their surface by binding soluble recombinant VCAM-1 (Figure 5a ). We therefore asked whether T lymphoblast/endothelium interaction required G protein-mediated increase of α4-integrin avidity in situ. T lymphoblasts were pretreated with PTX before infusion. Compared with untreated T lymphoblasts, PTX treatment had no effect on the number of T lymphoblasts captured in postcapillary venules (Figure 5b) . However, pretreatment of T lymphoblasts with PTX but not MTX dramatically reduced the number of permanently adherent T cells at 10 minutes, 1 hour, or 2 hours after injection by 78% ± 9% (69% ± 18% residing in capillaries and 31% ± 18% in postcapillary venules) (Figure 5c ). Given the total inhibition of permanent T cell adhesion and the ratio of permanently adhering T cells in capillaries (46% ± 1%) and postcapillary venules (54% ± 1%) in the control group, PTX treatment reduced both permanent T cell adhesion in capillaries and postcapillary venules. Thus, permanent adhesion of T lymphoblasts within the spinal cord white matter microvasculature but not initial capture of T lymphoblasts to the endothelium was dependent on G protein-mediated signals in situ. In line with our intravital microscopic results, pretreatment of encephalitogenic T lymphoblasts with PTX resulted in a highly significant delayed onset of passively transferred EAE (mean day of onset of clinical disease = 9.75 ± 0.5; n = 4 mice) when compared with controls (mean day of onset of clinical disease = 6.5 ± 0.5; n = 4 mice). Pertussis toxin did not influence the surface expression of α4-integrins on the encephalitogenic T cells as determined by FACS analysis (data not shown).
G protein-dependent α4-integrin-mediated adhesion of T lymphoblasts to microvascular VCAM-1 is essential for their emigration into the spinal cord parenchyme.
To determine whether T lymphoblasts, which were permanently arrested within spinal cord white matter microvessels, also emigrate into the spinal cord parenchyma, mice were perfused with formaldehyde 2, 4, 6, and 8 hours after infusion of T lymphoblasts, and the spinal cords were removed for histological examinations. In longitudinal sections a significant number (23 ± 9 cells per section, n = 63 counted sections) of Cell Tracker Orange-positive T lymphoblasts could be detected within the spinal cord parenchyma derived from control animals 6 hours after infusion of T lymphoblasts. Immunofluorescence counterstaining for endothelial endoglin localized 32% of T lymphoblasts still within and 68% of T lymphoblasts outside spinal cord microvessels ( Figure 6 ). In contrast, within spinal cords derived from mice pretreated with either anti-VCAM-1 Ab or infused with T lymphoblasts pretreated with anti-α4-integrin Ab, only a few fluorescent T lymphoblasts could be detected exclusively within the lumen of spinal cord microvessels (data not shown). These observations show that G protein-dependent α4-integrin-mediated firm adhesion of T lymphoblasts to VCAM-1 on the endothelial surface is essential for their successful emigration into the spinal cord parenchyme.
Discussion
To gain direct in vivo evidence for an involvement of α4/VCAM-1-mediated T cell interaction with the BBB endothelium it is mandatory to perform intravital microscopy on the CNS microvasculature. Because in EAE inflammation is located in the CNS white matter, preferentially in the spinal cord, we have developed a novel spinal cord window preparation that allows observation of the interaction of fluorescently labeled encephalitogenic T cell blasts with the spinal cord white matter microvasculature in healthy SJL/N mice. T lymphoblasts did not roll along the endothelium, but rather were promptly captured within capillaries and at the vascular wall of postcapillary venules. α4/VCAM-1-mediated T cell capture to the white matter BBB endothelium preceded G protein-mediated increase in integrin avidity on the T cell surface in situ, which was, however, necessary for adhesion strengthening.
It has been demonstrated that α4β1-integrin/VCAM-1 interaction might mediate several steps of the recruitment cascade, namely tethering, rolling, and adhesion (18) (19) (20) (21) . The molecular basis of the versatility of adhesion functions mediated by a single receptor/ligand pair (i.e., α4-integrin /VCAM-1) may reside in the multiple avidity states α4β1-integrin can adopt on the cell surface (21) . Due to the lack of requirement of previous integrin activation by external stimuli it was suggested that α4β1-integrin tethering to VCAM-1 does not require integrin activation (20, 21) , indicating that α4β1/VCAM-1 interaction precedes activation events required for integrin-mediated stable arrest on VCAM-1. On the other hand, under physiological shear in vitro-purified CD4 + T memory cells were shown to exhibit a significantly greater adhesiveness to VCAM-1 than naive T cells, which could be correlated to the increased presence of activation/ligand-induced epitopes on β1-integrin on memory T cells as compared with naive T cells (22) . These findings suggest that on activated T cells α4β1 is intrinsically activated as compared with resting T cells. Finally, Lim et al. have demonstrated that α4β1-activation is necessary for efficient T cell interaction with VCAM-1 under flow in vitro (23) . Interestingly, two different behavioral patterns of α4-integrin-mediated T cell interaction with VCAM-1 under physiological shear could be observed in vitro (20) . After α4-mediated tethering, some of the T lymphocytes engaged in α4-integrin-mediated rolling, whereas others promptly arrested without prior rolling even in the absence of external activating stimuli. High-affinity α4β1 was mandatory for latter behavior, where the tether bond was sufficiently strong
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The to immediately arrest the tethering T cell. These observations provoked the conclusion that at least in vitro interaction of α4 with VCAM-1 alone can support all consecutive adhesive steps required to lead to permanent arrest of lymphocytes on VCAM-1 in the absence of exogenous stimuli such as chemokines (20) . Other in vitro studies investigating lymphocyte interaction with VCAM-1 under shear have, however, demonstrated a requirement for chemokine activation of lymphocytes to trigger α4-integrin-mediated arrest on VCAM-1 (24) . Due to the lack of Ab's recognizing ligand-or activation-dependent epitopes on the α4-integrin subunit in the mouse, the affinity state of α4β1 on encephalitogenic T lymphoblasts cannot be tested directly. Presence of high-affinity α4-integrin on the surface of freshly activated T cell blasts is, however, suggested by binding of soluble VCAM-1-Ig. Because only freshly activated but not resting autoaggressive T cells can pass the BBB and transfer EAE (25, 26) , it is tempting to speculate that T cell activation induces the presence of high-avidity α4-integrin on their surface, which allows their capture on constitutively expressed VCAM-1 in the CNS white matter microvasculature under physiological shear.
To test whether α4-integrin-mediated capture within the spinal cord white matter postcapillary venules requires G protein-mediated increase in α4-integrin avidity at the endothelial contact zone, in situ G protein-mediated signaling of T lymphoblast was inhibited by PTX. Whereas PTX did not interfere with the initial T cell capture to the vascular wall, as demonstrated by the unchanged velocity profile of PTX pretreated T lymphoblasts, it significantly reduced the number of permanently adhering T lymphoblasts. Necessity of G protein-mediated increase in integrin avidity for T lymphoblast entry into the CNS is underlined by our observation that development of EAE is delayed upon injection of pertussis toxin pretreated T lymphoblasts when compared with controls. On the other hand, it has been demonstrated recently that chemokines can augment α4-mediated tethering within less than 0.1 second of contact through G protein-mediated signals (27) , suggesting that chemokines could increase α4-integrin-mediated capture on VCAM-1. For T lymphoblast interaction with the spinal cord microvasculature this mechanism seems unlikely because we did not observe any influence of PTX on the velocity profile of the circulating Intravital fluorescence videomicroscopy using epi-illumination techniques. Contrast enhancement of spinal microvasculature using FITC-dextran 150 (e, g, and i; arrows mark localization of T cells). Cell Tracker Orange-labeled T lymphocytes (f, h, and j). Bar, 100 µm. (k) Quantitative analysis of permanent T lymphoblast adherence. T lymphoblasts permanently adhering within spinal cord white matter microvasculature were counted 10 minutes, 1 hour, and 2 hours after infusion of 3 × 10 6 PLP-specific T cell blasts by intravital fluorescence videomicroscopy using epi-illumination techniques as described in Methods. Number of mice included in this analysis per group: control, n = 5 mice; antibody-control, n = 2 mice; anti-α4-integrin group, n = 3 mice; and anti-VCAM-1 group, n = 3 mice. Asterisks indicate significant differences. p.i., postinjection.
T lymphocytes. Also, PTX-mediated inhibition of adhesion strengthening of T lymphoblasts without influencing T cell capture argues against a short circuit of the multistep paradigm at the BBB, where α4/VCAM-1-mediated capture would be followed by adhesion strengthening without additional chemokine-mediated increase in integrin avidity. Preliminary observations in our laboratory have demonstrated that blocking LFA-1 on encephalitogenic T lymphoblasts neither interfered with T cell capture nor their adhesion strengthening to the spinal cord microvasculature (data not shown). Thus, it is most likely that α4-integrin-mediated capture of T lymphoblasts to VCAM-1 allows T lymphocytes to bind an as yet unknown chemokine on the BBB surface, which then leads to secondary G protein-dependent α4/VCAM-1-mediated adhesion strengthening of T lymphoblasts, allowing their diapedesis into the spinal cord white matter. Our findings are in contrast to the observations made by recently Carrithers et al. (28) , who were not able to demonstrate an involvement of α4-integrin in lymphocyte recruitment across the BBB when performing Ab-inhibition studies followed by immunohistology to detect fluorescently labeled cells in the CNS. The different results might be easily explained because these authors used an anti-α4-integrin Ab (R1.2), which, in contrast to the mAb used in the present study (PS/2), has been proven to be a poor inhibitor of lymphocyte migration in vivo (2, 29) . Besides T cell interaction with the wall of postcapillary venules, 50% of infused T cell blasts were observed to plug capillaries either transiently or permanently. While tran-
564
The T lymphoblasts permanently adhering within spinal cord white matter microvasculature were counted 10 minutes, 1 hour, and 2 hours after infusion of 3 × 10 6 PLP-specific T cell blasts by intravital fluorescence videomicroscopy using epi-illumination techniques as described in Methods. Number of mice included in this analysis per group: PBS-control, n = 2; MTX:, n = 2; PTX, n = 3. Asterisks indicate significant differences. sient plugging of capillaries by activated leukocytes might be a physiological process, permanent capillary plugging by leukocytes has been regarded as a passive rather than a receptor-mediated process attributed to the leukocyte size exceeding the capillary diameter of 4-5 µm. In support of this interpretation was the observation that activated leukocytes are characterized by an increasing rigidity compared with nonstimulated leukocytes (30) . In contrast to this notion the results of the present study suggest that G protein-dependent α4-integrin-mediated binding to VCAM-1 is involved in the firm adhesion of encephalitogenic T cell blasts within CNS white matter capillaries, since the number of T lymphoblasts permanently plugging capillaries was significantly reduced after blocking α4-integrin, VCAM-1, or G-proteins. It should be noted that presence of VCAM-1 in spinal cord capillaries can be observed during EAE (ref. 6 and unpublished observations). Nevertheless, as extravasation of leukocytes across CNS capillaries was never observed by us, capillaries seem to lack other promigratory signals that are required for emigration of leukocytes across the vascular wall. Alternatively, blocking α4/VCAM-1-mediated interactions or G protein-mediated signals could influence the actincytoskeleton of T cells such that an increased deformability of T lymphocytes would lead to a better ability to squeeze through capillaries, resulting in a lower number of T cells permanently plugging capillaries. Taken together, to our knowledge this study provides the first direct in vivo evidence that in the spinal cord white matter microvasculature constitutively expressed VCAM-1 mediates the G protein-independent capture of circulating encephalitogenic T cell blasts via α4-integrin. Transient capture is followed by G proteindependent α4-integrin/VCAM-1-mediated adhesion strengthening and their subsequent entry into the spinal cord white matter. Absence of rolling and the predominant if not exclusive involvement of α4-integrin and VCAM-1 make this T lymphoblast interaction with the BBB unique and suggests that VCAM-1 serves as a CNS-specific addressin, allowing effector T lymphoblasts with highaffinity α4-integrin as a CNS homing receptor to travel to this immunoprivileged site in absence of inflammation.
